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ABSTRACT 
 
In oil and gas industrial environments, H2S gas is one of the corrosive species which should be a 
main concern in designing infrastructure made of carbon steel. Combination between the 
corrosive environment and stress condition will cause degradation of carbon steel increase 
unpredictably due to their simultaneous effects. This paper will design a model that involves 
electrochemical and mechanical theories to study crack growth rate under presence of H2S gas. 
Combination crack and corrosion propagation of carbon steel, with different hydrogen 
concentration has been investigated. The results indicated that high concentration of hydrogen 
ions showed a higher crack propagation rate. The comparison between corrosion prediction 
models and corrosion model developed by researchers used to verify the model accuracy showed 
a good agreement.   
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INTRODUCTION 
 
Problems on corrosion in the oil and gas industry are, frequently, caused by H2S gas. Those 
gases widely exist in the oil fields which can increase corrosiveness of the environments. Its 
existence is indicated as a source of early failures of the pipeline. Degree of corrosiveness of H2S 
gases are influenced by environmental conditions such as temperature, CO2 partial pressure, 
corrosion film properties and mechanical properties of the materials (Nesic et al., 2002; Vera et 
al., 2006).  
For structures applications, materials subjected to static and exposure to the corrosive 
environment, there will be continuous degradation of the structural material due to mechanical 
and electrochemical effects. Interaction between those corrosion and mechanical process involve 
electrochemical and deformation of the crack tip region as the crack is developing. Crack growth 
characteristics of materials can be used to determine the retaining strength and durability of the 
materials (Schmitt et al., 1999).  
Many studies have been conducted to deal with these gases and can be found in open 
literature (Dougherty et al., 2004; Smith, 2002, Mokhtar, 2000). Because it is very important, 
many experiments and field studies of H2S corrosion has been done to provide a better 
understanding of the aspects that affect the whole process. To date, the use of research using pure 
empirical method to find corrosion model equations are still preferable. However, the problem is 
further complicated as the corrosion can be influenced not only by setting parameters during 
experimental works. It is influenced by crack geometry, film properties, tip region, atomic 
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dissolution, and direction of slip dislocation. The complex interactions of various species and 
operating conditions are difficult to simulate in the laboratory. Thus, the technical accuracy of 
corrosion prediction will deviate with the real mechanism. An approach of corrosion prediction 
using combination of mechanistic and empirical model can simulate the real data conditions.   
 
H2S CORROSION 
 
Hydrogen sulfide, when dissolved in water, is involved in a series of chemical reactions in the 
pipeline (Keith, 2004): 
 
H2S dissolution  
H2S(g)              H2S(aq)                            (1) 
 
H2S dissociation 
H2S(aq)             HS
-
 (aq) + H
+
(aq)              (2) 
 
HS- dissociation 
HS
-
(aq)      H
+
(aq) + S
2-
(aq)               (3) 
 
H2S Reduction 
2H2S(aq)   + 2e-          H2(g)  + 2HS
-
(aq)             (4) 
 
FeS formation by precipitation 
Fe(s) + S
2-
(aq)               FeS(s)                          (5) 
 
 
The role of H2S in changing behavior of corrosion rate was studied by (Brown, 2003, 
Kvarekval, 2007). The following are three numerical models constructed by some researchers.   
 
MATHEMATICAL MODEL 
 
A mechanistic model of uniform hydrogen corrosion can be modeled using fundamental 
physicochemical laws (Anderko, 2007; Nesic et al., 2002). It consists of convective diffusion 
(Eq. 6), molecular diffusion (Eq. 7) and diffusion via solid film (Eq. 8). 
 
(i)  Convective diffusion reactions (flux) through boundary layer are caused by mass transfer 
processes (Km), bulk concentration (Cbi) and outer concentration (Coi).  
 
                                                 (6) 
 
(ii) Molecular diffusion (flux) through the liquid in the porous outer scale: 
 
                                              (7) 
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where, iD is diffusion coefficient for dissolved species i (m
2
/s),   is outer scale porosity,  is 
tortuosity factor, 
ic  is interfacial concentration of species I. 
 
(iii) The very thin film and dense film at the metal surface forms a surface barrier. Then, solid 
state diffusion through the inner film can be formulated as:   
 
                      (8) 
 
Where, f is film thickness, A is Arrhenius constant ,Tk is temperature (Kelvin),cs is 
surface concentration, R is universal gas constant.  
 
From the equations above, Nesic et al, 2002, expressed a mathematical corrosion theory (CR) as: 
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ELECTROCHEMICAL THEORY 
 
Anodic reaction 
 
Based on the assumptions that dissolving metal ions into solution as a reaction is controlled by 
activation reaction, the equation reaction can be described as follows (Anderko, 2007): 
 
                        (10) 
Where, b is tafel slope constant, io is current density, and η is polarisation potential. 
 
Cathodic reaction 
 
Cathode reactions occurring in the gas with some species undergo reduction reaction. Species 
that undergo reduction reactions are hydrogen, water, and acid bicarbonate (in the presence of 
CO2 gas) as mentioned below.  
 
Hydrogen ion reduction 
 
To determine the effect of activation of the reaction and the mass flow of hydrogen reduction 
used the following equation (Nesic and Wei Sun, 2006 ): 
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Which ia (H
+
) is reaction activations (A/m
2
), ilim (H
+
) is limiting current density (A/m
2
).  
 
Water reduction  
 
The reaction of hydrogen ions (H
+
) are also affected by the water. Reduction of water is 
formulated as follows: 
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MECHANOCHEMICAL THEORY 
 
The mechanochemical theories stated that a slip deformation is caused anodic dissolution at the 
bare surface which relates dislocation of slip plane, plastic shear and a constant stress (Koichi, 
2001) as expressed in the following equations.   
 
                                                                     (13) 
 
where ρd is the dislocation density, b is the Burgers vector and is the average velocity of the 
dislocations. Then, crack tip strain rate at the tip,  , is formulated as:  
 
                                                              (14) 
 
where ᵞ is plastic shear deformation, θ is the angle between the direction of the slip plane and 
tensile stress.  
 
Anodic dissolution current density 
 
The average current density of anodic dissolution at the crack tip, ia, can be related to the crack 
tip potential corrosion. It promotes slip dissolution and repassivation at the material surface. a 
Slip step, tslip, consist of passive film and anodic ions dissolutions due to slip formation.   
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Crack growth rate 
 
Mechanism of slip formation and dissolution at the crack tip can be related to crack growth rate, 
da/dt. Based on Faraday's law, average current density by anodic dissolution can be expressed 
as:  
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 ia
ZF
M
dt
da
m
                                                                           (16) 
 
Where M is the atomic weight of the metal and ρ is the metal density. By substituting Eq. 
(13 - 16), the SCC crack growth rate is expressed by Eq. (17 - 19).   
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                                                                      (18) 
 
                                                          (19) 
  
Where A0 is the rate coefficient, Cm is the material factor constant, and n is the numerical 
constant, water conductivity, and corrosion potential. 
 
 
IMPLEMENTATION OF THE MODEL 
 
Effects of H2S concentration  
 
Mathematical model calculates indications of increasing corrosion rate due to hydrogen ions 
concentration based on formula from Eq. 9. Figure 1 shows a tendency of relationship between 
corrosion rate and hydrogen ion concentration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Simulated corrosion rate as a function of hydrogen ion concentration for a range of ions 
H
+
 concentration from 0.4 mol/m
 3 
to 2 mol/m
3
 at conditions: Ptotal= 1 bar and static. 
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It has been commonly accepted that the increase of time, corrosion current density will 
decrease exponentially. It becomes passive a certain period of time when film completely 
formed. But, at this condition, the films tend to dissolve which results corrosion rate start to 
grow. Figure 2 is a physical model used to describe corrosion and repassivation process. A 
mathematical relationship of current density and time used in this model is shown in Figure 3.  
 
 
 
 
 
 
     
 
 
 
 
 
(a)                                                (b)                                        (c) 
Figure 2. Models of film formation and film dissolution assumed at crack tip during corrosion 
process under stress condition. 
 (a) Passive FeS film on crack tip   (b) FeS film dissolution (c) FeS film formation.  
 
 
 
Figure 3. Current characteristic vs time of model at crack tip during corrosion.  
 
Analytical observation from Eq.(17) indicates that crack growth has a decrease 
exponential function. This means that the corrosion rate decrease continuously within the SCC. 
The Figures 4 shows a relationship between crack growth rate and material characteristics. 
Figure 5 present properties of dislocation densities related to crack growth rate. 
M++ e- 
H++ e- 
FeS  FeS  FeS  
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Figure 4. Observed relationship between crack growth and material factor constant (Cm). 
 
 
 
Figure 5. Observed relationship between crack growth and dislocation density.  
 
Comparing models with published data experiments 
 
Comparison experimental results are presented in this section to demonstrate the use of the 
model in determining crack extension during corrosion process. The data from calculations are 
validated using Irawan’s experimental data to assess the accuracy of the proposed model. The 
Irawan’s experimental studies cover crack growth, corrosion current rate, and diffusion reaction 
rate. He used C ring samples materials with outer initial crack which were immersed in 1% - 3 % 
of H2S solutions.  
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Figure 6. Comparison between the model to Irawan’s experiment (in 1 % of H2S saturated 
solutions at temperature 40
o
C, pH 4, total pressure 1bar )  
 
Figure 7. Comparison between the model to Irawan’s experiment (in 2 % of H2S saturated 
solutions at temperature 40
o
C, pH 4,  total pressure 1bar )  
 
 
Figure 8. Comparison between the model to Irawan’s experiment (in 3 % of H2S saturated 
solutions at temperature 40
o
C, pH 4, total pressure 1bar ) 
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Figure 6, 7 and 8 show crack growth (caused by corrosion and stress) as a function of 
time at 1%, 2% and 3% of H2S gas concentration. The Figures compare corrosion rate calculated 
mathematically based on equations developed by researchers (Nesic and Wei Sun, 2006; 
Anderko, 2007) and experimental data reported by Irwan, 2010. The graphs (Figure 6, 7 and 8) 
indicated that the corrosion rate will increase when H2S concentration increased. The increasing 
corrosion rate was proportional to the time. From the figures, based on experimental data and 
model calculation, corrosion rate increased sharply at the higher H2S gas concentration and lower 
H2S concentrations. It seemed there were interactions between H2S gas concentration and 
exposure time. Therefore, it can be concluded that H2S was a more dominant factor in 
controlling corrosion behavior then factor of time. It means that effect of scaling formation, as a 
result of corrosion decrease, was not considered by majority corrosion prediction models. 
Figures show good agreement between experimental and calculated data based on this corrosion 
prediction model. Those three comparisons show good correlations, coefficient determinations 
and significant errors estimations which have similarity more than 95%.  
 
CONCLUSION 
 
In general, the use of numerical model has a benefit to simulate real conditions. Thus, 
complicated experiments can be reduced. Using mechanistic theories, relationship among the 
variables tested will be more simple in the form of mathematical equations. Thus, effects of 
independent variables will be easier to identify and to develop. Furthermore, using mathematical 
operations, the certain conditions such as stationary conditions can be calculated analytically. In 
H2S corrosion, stationary point conditions can be used to indicate scaling formation, limiting 
current density and independent flow conditions.  
 It must be known that each model is suitable for certain condition and several 
assumptions have been made. This model involving the most variables input such as mass flow 
rate, scale effects, H2S gas, as inputs parameters. Thus, this model gives a realistic approach to 
calculate corrosion rate in H2S environments. Is is a simple model which measures corrosion rate 
in the worst cases. So, the corrosion rate result given is always higher. In associated with 
determination of scaling formation, Future work on optimization should be started with complex 
variables. The complex variables can be selected using design experiments to determine the 
important variables that can be developed further. 
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